Abstract -The paper represents a novel approach to understand the effect of single and multiple cavities on base pressure. We considered a control plate of 1 mm thick between a square nozzle of the cross-sectional area of 100 mm 2 and square duct of the cross-sectional area of 625 mm 2 . Both single and multiple cavities results are compared for a different level of expansion. The nozzle pressure ratio taken are 1.27, 1.33, 1.53 and 1.7. The high-speed compressible subsonic nozzle is being used with internal flow apparatus to achieve flows ranging between Mach 0.6 to Mach 0.9. The comparison between single and multiple cavities are shown graphically with and without control. The multiple cavities were found to be more effective as compared to a single cavity for controlling the base pressure.
I. INTRODUCTION
In today's aerospace and automotive industry, drag reduction constitute a challenge for advancement and innovation in technology [1] . The high and low-pressure drag has been a gas dynamic problem for compressible high-speed vehicles [2] . The low pressure especially can result in 50 to 60 percent of the total drag when engines are on jet off mode [3] . Researchers used passive [4] and active techniques to control it [5] . Passive control techniques are energy free techniques to reduce pressure drag by using rough surface [6] , groove [7] , splitter plates [8] , limiting tab [9] , fixing the rib [10] , fence [11] , cavities [12] and many more are well recorded in literature. Active control techniques are quite expensive and need a constant input energy such as injection of microjets [13] and rotating of a cylinder with a motor [14] . Optimization of various parameters to control base pressure by numerical techniques were investigated by [15] . Thus, passive and active control investigation experimentally or numerically is vital in many engineering applications. We in this study investigated on cavities as a passive controller and compared its effect on base pressure behind high-speed vehicles when single and multiple cavities are being deployed. This research is an extension of work done in controlling base pressure using dimple [16] and multiple cavities [17] .
II. LITERATURE REVIEW
Different types of cavities have been studied by researchers with a purpose to reduce drag. They are classified as passive, active, reactive [18] , discontinuous and continuous cavities.
The complex nature of cavity flow makes it necessary to understand the physics and the methods within and around cavity flow and its effect on base pressure. Cavity flow complexity and the pressure gradient around it cannot be understood without a multidisciplinary approach. i.e control techniques, physics in and out of cavity flow, single cavity, multiple cavities, and data acquisition. Cavities results in strong pressure fluctuations within the cavity as a flow travels over and separates from the leading edge of the cavity [19] but his research was limited only to active cavities. Burnes et al. worked on supersonic mixing control using cavities to reduce skin friction [20] . Geometric parameters were investigated by changing the depth of cavities [21] . Cavities mostly are found to reduce skin friction drag [22] but reducing skin friction drag means increasing base drag. However, most of the previous studies were mainly focused on the reduction of skin friction drag but a few literatures to the author's knowledge focus on base drag reduction with the cavities. The objective of the present investigation is to study the effect of the single and multiple cavities on base pressure separately and then compare it. The type of passive control technique is to either deflect or thicken the shear layer over the cavity so that its interaction with cavity trailing edge will be weaker. This reduces the amount of impingement of the shear layer, and thus, reduces the amplitude of the resonant acoustic feedback mechanism [23] but in our case, the cavities are of a very small diameter and so the above effect is less. Mariotti et al. worked on grooved cavities to delay flow separation and reduce overall drag [24] but his focus was not on base drag. Furthermore, passive control methods are usually inexpensive and simple, but they are unable to function properly in situations outside of their designed range or to adapt to ever-changing flight and environmental conditions.
III. EXPERIMENTAL METHOD

A. Experimental setup
The experiments were conducted at the B.I.T research center at a supersonic research laboratory, Mangalore, Karnataka, India. Jet nozzle mounted on a settling chamber with the control plate between them with single and multiple cavities respectively. Compressor (20 hp) pumps air to the storage tank until it reaches 150 psi. Further at this high pressure from the storage tank, it is released to the settling chamber by controlling the pressure valve. In settling chamber the flow passes through square nozzles and is expanded into the enlarged duct. The desired nozzle pressure ratio is achieved by controlling the pressure regulator valve as shown in Fig.1 . Fig.1 Schematic description of the experimental setup Pressure transducer 9205 is utilized for estimating pressure at the base and stagnation pressure in the settling chamber. It has 16 channels and pressure range is around 0-150 psi. The easy to understand menu driven LabVIEW programming alongside DAQ obtains data and demonstrates the pressure readings from all the channels simultaneously in a window type display on the computer screen. Sensors are utilized for the measurement of pressure in transverse and longitudinal direction. The nozzle used in the present investigation is subsonic. Its convergent with a square cross-section and is made of brass with an exit width of 10 mm. A cross-sectional of width (W) of 25 mm and length of 4W, 6W and 8W are attached to the nozzle as shown in Fig. 2 .
B. Design process
Design of the nozzle attached with the control plate was done in solid edge. Pressure measurement on two points at the base was done at 11.5 mm from each other as shown in the Fig.3 . The maximum Mach number in this experiment for nozzle was 0.9. A control plate having multiple cavities of 3 in number were made as shown in Fig.4 at a distance of 7.5 mm from the center and parallel to the inside edge of the plate. The thickness of both the plate is 1mm. Single cavity plate is at distance of 11.5 mm from the center. In one case, a single cavity was taken as control and in another case, multiple cavities were taken as control. Fig.5 . shows a single cavity of 3 mm diameter with two base pressure measurement ports. Further, this is fastened to the square duct on one side and nozzle on the other. The enlarged square duct was fabricated from mild steel pipe. Streamwise longitudinal pressure tapping used were having holes of 1 mm internal diameter closely apart and then gap increased until an approximate reattachment zone was identified. The area ratio was 6.25 mm 2 for a different level of expansion. Measurements for all NPR with and without control were completed. The base pressure between separation and reattachment point was measured in transverse and longitudinal direction.
IV.RESULTS AND DISCUSSIONS
Base pressure was computed with and without control for a single cavity as well as multiple cavities. The source of pressure fluctuations in both cavity types is a result of the coupling of the shear layer and the cavity acoustic, which is constructive and self-sustaining in nature. The shear layer develops as the free stream flow detaches from the leading edge of the cavity. Experiments were conducted to investigate the effectiveness of both cases. The dimensionless base pressure was calculated against the nozzle pressure ratio for transverse direction as shown in Fig.6, Fig.7 and Fig.8 . For L=4W, the multiple cavities control seems to be very effective at higher NPR but at lower NPR there is no much variation.
Nozzle Pressure Ratio (NPR) Fig. 6 Comparison of Base Pressure for Control 1 and 2 at L=4W At L=4W as shown in Fig.6 , the transonic regime is very much open to the atmosphere and so there is a bit of uncertainty in trend when no control was deployed.
Nozzle Pressure Ratio (NPR) Fig. 7 Comparison of Base Pressure for Control 1 and 2 at L=6W
At L=6W too as shown in Fig.7 , we can see uncertainty due to the transonic regime but very clearly, we can see multiple controls are quite effective. Also, the single cavity stands just show constant atmospheric pressure throughout for both with and without control which is surely due to leakage and no depression was developed.
Nozzle Pressure Ratio (NPR) Fig. 8 Comparison of Base Pressure for Control 1 and 2 at L=8W At L=8W as shown in Fig.8 , the uncertainty trend when no control was employed is negligible. So, this does show the high effect of multiple cavities on base pressure as compared to a single cavity. Thus, we can see the multiple cavities are very effective as compared to the single cavity for base pressure in the transverse direction. The dimensionless base pressure was For L=4W as shown in Fig.9 and Fig.10 , the multiple cavities control seems to be effective with low oscillations but the single cavity seems to be oscillating from below atmosphere to the higher atmosphere and then falling back to the atmosphere. Overall from NPR 1.27 to NR 1.7, the control streamwise is marginally higher for single cavity but with his oscillations when compared to multiple cavities. For L=6W as shown in Fig.11 and Fig.12 , low NPR seems to be effective in both cases but a higher NPR the oscillation for single cavity seems to be very high. Overall with less oscillations, the multiple cavities control seems to perform better. Overall from NPR 1.27 to NR 1.7, the control streamwise is marginally higher for single cavity but with his oscillations when compared to multiple cavities. The peak and then fall may amount to the reattachment of flow after separation. For L=8W as shown in Fig.13 and Fig.14 , the trend for single cavity rises and then falls but for multiple cavities, the oscillations were less although the control was not very effective in the streamwise direction. Overall with negligible oscillations, the multiple cavities control seems to perform better.
V. CONCLUSIONS
In this investigation, the effect of a single cavity was compared with multiple cavities. Despite some differences in pressure measurement due to the transonic zone, the overall control in both cases was found to be quite effective. This was shown graphically for both by correlating base pressure against nozzle pressure ratio. Also, the streamwise base pressure was also measured for an assumed recirculation zone. Overall the multiple cavities were far effective in most of the cases as compared to a single cavity. Also, the results were found to be more accurate for higher NPR and an extension for these controls could be done for a high under expanded flows and for the supersonic regime.
